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The electron and hole g factors are the key quantities for the spin manipulations in semiconductor quantum
nanostructures. However, for the individual nanostructures, the separate determination including the signs of
those g factors is difficult by using some methods adopted conventionally in bulks and quantum wells. We
report a convenient optical method for the sign identification of out-of-plane g factors in the individual quantum
nanostructures, which utilizes the optically-induced nuclear spin switch. The method is demonstrated in typical
single self-assembled In0.75Al0.25As/Al0.3Ga0.7As quantum dots and InAs/GaAs quantum rings, where the g
factors with the opposite sign for electron and the same sign for hole are proved.
The carrier spin dynamics has always been one of the cen-
tral topics in semiconductor spin physics [1, 2]. In particular,
the spin manipulations by electrical, magnetic and/or optical
methods have been studied intensively [2–5]. One of the key
quantities for the control protocols of localized carrier spins is
the g factor, which is the coefficient connecting its magnetic
dipole moment with the spin degrees of freedom. In general,
the effective g factor in a semiconductor nanostructure devi-
ates from the value dominantly determined by the material
composition due to a wide variety of the modulations: for ex-
ample, the spatial confinement in the nanostructures, the ef-
fect of strain-induced valence band mixing (VBM), and the
penetration of the carrier wavefunction into the barrier mate-
rial [6–9].
Especially in semiconductor quantum nanostructures such
as dots (QDs) and rings (QRs), some of such modulations are
enhanced. The electron g factor is determined by a balance
between the bare-electron contribution (+2.0) and a lattice or-
bital contribution, which may vary significantly in both mag-
nitude and sign by strength of the confinement. Also, it has
been found that the sign inversion of hole g factor is possi-
ble by the external means [4]. The sign of g factor is obvi-
ously important because it dominates the energy diagram of
target spins under the external and/or some effective magnetic
fields, and consequently the signs of Zeeman splitting energy
and spin precession direction. In order to realize composite
spin rotations in a Bloch sphere by using magnetic fields, the
sign of g factor determine the rotation direction and thus, the
optimum shortest path in a Bloch sphere [3]. Further, the di-
rection of the photo-induced nuclear field also depends on the
sign of g factor as shown later.
In the QD and QR structures, the electron and hole g fac-
tors gain another significant importance because the former is
important to describe the dynamics of a coupled spin system
with nuclei and the latter is essential to measure the VBM.
This is because the hyperfine interaction (HFI) and VBM are
enhanced for localized carriers due to the strong confinement
and large residual strain compared to high dimensional struc-
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tures like bulks and quantum wells (QWs). Since the effective
g factors have the distribution even in the same sample, the
individual measurement for target QDs is crucial.
Besides, several works have focused on developing tech-
niques for the evaluation of electron and hole effective g fac-
tors (ge, gh), and some methods to determine unambiguously
the sign of ge have been demonstrated in QWs: the time-
resolved photoluminescence (TR-PL) with the up-conversion
technique [10], TR-Kerr (or Faraday) rotation [11, 12], and
Hanle effect measurements [7, 13]. In these methods, the ex-
ternal magnetic field is applied in the sample plane, and the
optical axis of incident light is inclined with respect to the
sample growth axis. The phase shift of the electron spin pre-
cession observed in the TR techniques and the peak shift of
Hanle curve caused by an optically-induced nuclear field (Bn)
are key points for the sign determination of ge. However, there
are some problems to apply these methods to individual QDs
and QRs; the TR measurements require relatively large num-
ber of electrons and is not successful in single self-assembled
(SA) QDs. Although the Hanle effect measurement is possible
for single QDs, the peak shift of Hanle curve is obscured by
more prominent deformation “anomalous Hanle effect” due
to the enhanced quadrupolar effect of nuclear spins [14, 15].
Further, if both the bright and dark exciton emissions appear
under a longitudinal magnetic field, the electron and hole out-
of-plane g factors (gez , g
h
z ) can be deduced including their signs
by using the standard time-integrated micro-PL (µ-PL) mea-
surements. Although this method can be used for the (001)-
oriented QDs with reduced symmetry in the shape [16, 17]
and the (111)-oriented QDs [18], the selection of QDs is re-
quired. Therefore, the convenient method applicable for the
standard single QDs is highly aspired.
In our previous work [19], we demonstrated the method
to evaluate |gez | and |g
h
z | separately by using the nuclear spin
switch (NSSW) [20]. Although it was a powerful tool to know
the magnitude of g factors, we got only the information of the
sign of a product gez · g
h
z . In this paper, we demonstrate a use-
ful method for separate evaluations of the signs of gez and g
h
z
as well as their magnitudes. The method utilizes the corre-
lation of the NSSW and the sign of Zeeman splitting in the
µ-PL measurements of single QDs. The method is demon-
strated in typical single SA In0.75Al0.25As/Al0.3Ga0.7As QDs
2and InAs/GaAs QRs, and the observed g factors with the op-
posite sign for electron and the same sign for hole are proved.
Since the electron and hole g factors in widely-used In(Ga)As
and GaAs QDs have been studied experimentally and theo-
retically [9, 16, 18, 21], the carrier g factors of InAlAs QDs,
which have only a few reports, have to be investigated and
compared by using an unified method.
We carried out the µ-PL measurements in the time-
integrated mode at 6 K under a longitudinal magnetic field
Bz. A continuous wave Ti:sapphire laser was tuned to pro-
vide the transition energy to the foot of the wetting layer. The
corresponding wavelengths were ∼730 nm for InAlAs QDs
and ∼865 nm for InAs QRs. The excitation beam was focused
on the sample surface using a microscope objective lens (×20,
NA∼0.4), and the PL signals were collected by the same ob-
jective lens and were detected by a triple-grating spectrometer
and a liquid N2-cooled Si-CCD detector. The spectral resolu-
tion that determines the PL energies was ≤5 µeV using the
spectral fitting. The excitation light polarization was varied
systematically by a set of a linear polarizer, a rotating half
waveplate, and a quarter waveplate with a fixed angle (pi/4
rad.), and the polarization was monitored by a polarimeter.
First, we show the results in InAlAs QDs following
the sign identification method of the g factors. The SA-
InAlAs/AlGaAs QDs grown on an undoped (100)-GaAs sub-
strate by molecular beam epitaxy were used. The average di-
ameter, height, and density of the QDs were found to be ∼20
nm, ∼4 nm, and ∼5×1010 cm−2, respectively, by the atomic
force microscopy measurements of a reference uncapped QD
layer [22]. It is known that InAlAs/Al(Ga)As QDs have the
complex band structure depending on the aluminum concen-
tration and the QD size [23]. In the studied InAlAs QDs,
the lowest electron level appears always in the Γ valley, and
the resultant direct gap structure gives a short recombination
time of ∼1 ns to the QD exciton [24]. Figure 1(a) shows the
polarization-resolved PL spectra (pix, piy) of a typical single
InAlAs QD at 6 K and 0 T under the nonpolarized excita-
tion. The spectra indicate the emissions of the neutral biexci-
ton (XX0), neutral exciton (X0), and positive trion (X+) from
the low energy side. Each charge state could be assigned by
considering the fine structure splitting (FSS) and the binding
energy [25]. The fact that these PL peaks originate from the
same single QD can be confirmed with observing the response
to the generated nuclear field by the circularly polarized exci-
tation [26].
Figure 1(b) shows a two-dimensional plot of the X+ PL
spectra as a function of the excitation polarization where the
retardance of the excitation light is varied systematically un-
der Bz=+3.0 T. The σ
+ polarized PL peak appears at higher
energy than the σ− polarized one. The intensity and energy
of each PL spectrum change clearly depending on the excita-
tion polarization. Figure 1(c) indicates the change in energy
splitting (∆E). ∆E is defined as ∆E = E(σ+) − E(σ−), where
E(σ+(−)) is the energy of the σ+(−) polarized PL peak. While
∆E decreases gradually and shows the minimum around the
σ− excitation, an abrupt increase of ∆E occurs by NSSW
around the σ+ excitation. This change of ∆E by the gener-
ated nuclear field Bn (Overhauser field) and the connection
FIG. 1. (color online) (a) Polarization-resolved PL spectra of a typi-
cal single InAlAs QD at 0 T under the nonpolarized excitation. The
horizontal axis is replotted from the X+ PL peak energy E0=1.6449
eV. The FSS of ∼73 µeV, the inverse pattern of FSS in the X0 and
XX0 peaks, and no splitting in the X+ peak are observed clearly. (b)
Two-dimensional plot of the X+ PL spectra varying the retardance of
the excitation polarization systematically at +3.0 T. Some light po-
larizations are indicated in the horizontal axis. The PL spectrum in a
high (low) energy side is σ+ (σ−) polarized. The red-shift of both PL
peaks occurs slightly by the sample heating. (c) The splitting energy
between the σ+ and σ− PL peaks (∆E) as a function of the excita-
tion polarization. The abrupt changes of ∆E are seen clearly around
the σ+ excitation. The horizontal dotted line indicates the Zeeman
splitting energy (∼390 µeV) by a linearly polarized excitation.
to the sign of the g factors will be explained later by using
Fig. 2. Note that ∆E stabilizes enough within the exposure
time of a CCD detector (1 s) because the formation time of
the steady-stateBn is ∼10 ms at the excitation condition.
Throughout this paper, we consider only the dipole-allowed
transitions between the lowest electron states |S z〉 = | ± 1/2〉
and the lowest mainly heavy-hole states |Jhz 〉 = | ± 3/2〉. Ac-
cording to the selection rules of optical transitions, the σ+ po-
larization triggers the transition | − 1/2〉(↓) ↔ | + 3/2〉(⇑),
and the σ− polarization triggers the transition | + 1/2〉(↑) ↔
| − 3/2〉(⇓). Then, the sign of g factor is defined as follows;
the positive (negative) sign of gez corresponds to the up-spin
(down-spin) electron state in the higher energy side compared
with the down-spin (up-spin) electron state under the positive
Bz. This definition comes from the standard relation between
the magnetic momentµ and the electron spin S: µ = −geµBS
(µB: the Bohr magneton). In the case of the hole states, the
down-spin (up-spin) hole state is in the higher energy side un-
der Bz > 0 according to the relation between the magnetic
moment and spin of hole (positive charge), and then the sign
is defined as ghz < 0 (g
h
z > 0) in this work [27]. These defini-
tions of polarization and the signs of gez and g
h
z are indicated
clearly in the state diagrams of Fig. 2(a) and (b).
In the demonstrated sign identification method of the g fac-
3tors, we utilize the NSSW, which means the cancellation of Bz
by Bn. In order to utilize the NSSW, the electron spin interact-
ing with nuclear spins has to be defined; the optically-injected
electron spin polarization is highly preserved after the relax-
ation to the lowest electron level of X0 and X+ in the mea-
surements, which means that the electron and hole spin relax-
ation times are longer than the radiative recombination time.
This condition can be realized generally even by the nonreso-
nant excitation of the wetting layer as well as the resonant and
quasi-resonant (e.g. 1LO) excitations. As a result, the same
polarized PL peak as the excitation polarization has a larger
intensity. In the case of X−, since the remained electron spin
after the e-h recombination interacts with the nuclei, the sit-
uation becomes complicated. However, the proposed method
can be applied, which will be discussed later.
In this paper, we set the following conditions in order to
keep the representation simple.
1. The absolute value of |ghz | is larger than |g
e
z |, which is
adopted generally in III-VQDs, and the condition is sat-
isfied for the investigated InAlAs QDs and InAs QRs.
2. The averaged HFI constant A˜ of the QD materials is
positive. Since the HFI constants A for all isotopes of
III-V elements are positive [1], A˜ of the popular III-V
QDs (GaAs, In(Ga, Al)As, InP) is positive [28].
3. The PL spectra from the ground state of X+ or X0 are
considered.
The upper panels of Fig. 2(a) and (b) are the excitation po-
larization dependence of the electron and hole energy states
under Bz(> 0) affected by the generatedBn in the cases of (a)
gez < 0, g
h
z < 0 and (b) g
e
z > 0, g
h
z < 0. The dipole-allowed
transitions with the PL polarization and the expected Zeeman-
split spectra (red: σ−, blue: σ+) are depicted schematically.
Since the angular momentumof a photon is transferred onto
nuclei via the flip-flop term of HFI [1], a macroscopic nuclear
spin polarization (NSP, 〈Iz〉) which is orders of magnitude
larger than the value in thermal equilibrium can be generated
actually at cryogenic temperatures, and in turn, the resultant
Bn affects the electron spin states in the Zeeman splitting as
well as the dynamics significantly [17, 19, 22, 29, 31]. Note
that theBn affects only the electron states, not hole states be-
cause of the nonzero existence probability of the Bloch func-
tion at the nucleus site as shown in the energy diagrams of
Fig. 2. For the linearly polarized excitation (pix and piy), the
σ+ and σ− polarized PL spectra should indicate in principle
the equivalent PL intensity and the ∆E is determined only by
Bz (i.e., Bn=0 if averaged electron spin polarization 〈S z〉=0).
In the case of 〈S z〉 ,0, the nonzero Bn is generated and affects
the energy shift of the electron spin states.
The flip-flop term of the collinear HFI builds up the NSP
〈Iz〉 always parallel to the electron spin S z; 〈Iz〉 becomes neg-
ative (positive) due to the negative (positive) S z injected op-
tically by σ+(−) excitation. The z-component of Bn, Bn,z, is
written by Bn,z=A˜〈Iz〉/g
e
zµB [1] and the direction (sign) is de-
termined by the signs of 〈Iz〉, and g
e
z considering A˜ > 0 for
III-V QDs. Although the sign of 〈Iz〉 depends on the excita-
tion polarization, Bn,z is generated always antiparallel to 〈Iz〉
FIG. 2. (color online) (a) (upper panel) In the case of gez < 0 and
ghz < 0, the diagram of the electron and hole spin states and the ex-
pected PL spectra under a longitudinal field Bz. (lower panel) The
splitting energy ∆E = E(σ+) − E(σ−) as a function of the excitation
polarization. The abrupt decrease of ∆E occurs with σ−. (b) (upper
and lower panels) The similar diagrams and the change of ∆E in the
case of gez > 0 and g
h
z < 0. The abrupt increase of ∆E occurs with
σ+. Note that the cancellation of Bz by Bn occurs by σ
− excitation in
(a) and by σ+ excitation in (b).
for gez < 0 as shown in Fig. 2(a). Inversely, Bn,z is generated
parallel to 〈Iz〉 for g
e
z > 0 as shown in Fig. 2(b). Therefore,
the compensation of positive Bz with Bn,z and NSSW occurs
at σ−(+) excitation for gez < 0 (g
e
z > 0). Note that the compen-
sation by Bn,z affects only the electron spin states.
The abovementioned excitation polarization dependence of
the electron states is reflected directly to the change of ∆E af-
fected byBn as shown in the lower panels of Fig. 2. When Bn,z
is formed antiparallel to Bz, 〈Iz〉, thus Bn,z, indicates the abrupt
change by NSSW due to the positive feedback of the 〈Iz〉 for-
mation rate [30, 31], and a large change of ∆E emerges. How-
ever, the change of |∆E| by NSSW is observed as an abrupt
reduction of |∆E| for gez < 0 (Fig. 2(a)) and an abrupt increase
of |∆E| for gez > 0 (Fig. 2(b)).
The induced abrupt change of |∆E| and the sign of ∆E are
summarized in Table I. In the cases of ghz > 0, the pattern of
4TABLE I. Sign identification of g factors based on the change and
sign of ∆E.
Sign of gez , g
h
z
change of |∆E|
sign of ∆E Fig. 2
by NSSW
gez · g
h
z > 0
gez > 0, g
h
z > 0 reduction negative
gez < 0, g
h
z < 0 reduction positive (a)
gez · g
h
z < 0
gez < 0, g
h
z > 0 increase negative
gez > 0, g
h
z < 0 increase positive (b)
∆E is shifted in negative region according to the definition of
∆E. Note that the change of |∆E| by NSSW is determined
by the product gezg
h
z [19] because the product determines that
the pattern of the transitions with σ+ and σ− polarizations as
shown in the upper panels of Fig. 2(a) and (b); one is the
included pattern (a) and the other is the nested pattern (b).
In the figures of ∆E (lower panels), the Zeeman splitting of
the hole spin states, |ghz |µBBz, is indicated by a horizontal thin
solid line. The variation from the thin line corresponds to the
electron Zeeman splitting |gez |µB(Bz ± Bn,z). Thus, the Zeeman
splitting of two PL lines by the linearly polarized excitation
(i.e. without Bn) is given by (|g
h
z | + |g
e
z |)µBBz for the former
pattern and (|ghz | − |g
e
z |)µBBz for the latter pattern. Considering
the sign of the g factors, the g factors of X0 and X+ can be
written by ghz + g
e
z . From Figs. 1 and 2, g
e
z > 0 and g
h
z < 0
(Fig. 2(b)) can be assigned for the observed single InAlAs
QD. Although the magnitude |gez | and |g
h
z | as well as the signs
can be obtained from Fig. 1, the error of the magnitude has
to be deduced from a more precise measurement by changing
Bz to a few values (not shown here). As a result, g
e
z=+0.34±
0.02 and ghz=−2.57±0.01 are obtained for the studied single
InAlAs QD. In addition, the magnitude of the in-plane g fac-
tor (|ge⊥| ∼ |g
h
⊥|=0.35±0.01) and the in-plane anisotropy of the
QD have been already reported [15]. From the isotropic na-
ture of the conduction band, the ge⊥ is considered to have a
positive sign too.
Next, the method is applied to identify the sign of g fac-
tors in single InAs/GaAs QRs. The averaged QR sizes are
∼40 nm in outer diameter, ∼10 nm in inner diameter, and
∼10 nm in height. The details of the growth conditions are
seen in Ref. 32. The magnitude of out-of-plane (|gez |, |g
h
z |)
and in-plane g factors (|ge⊥|, |g
h
⊥|), and their anisotropy for
many QRs are already reported in Refs. 21 and 33. Under
Bz = +1.0 T, the excitation polarization dependence measure-
ments with the same setup as those in InAlAs QDs were car-
ried out. The polarization-resolved PL spectra in Fig. 3(a) in-
dicates very small FSS less than our spectral resolution, which
is expected from the annealing in the process of QR forma-
tion from QD [32]. Figure 3(b) shows a two-dimensional
plot of the excitation polarization dependence of the X+ PL
spectra. The corresponding energy splitting (∆E) is plotted
in Fig. 3(c). Unlike the case of InAlAs QDs, an abrupt re-
duction in ∆E was observed around the σ− excitation, which
corresponds to the response shown in Fig. 2(a), that is, gez < 0
and ghz < 0. Further, we confirmed that many other InAs QRs
grown in the same sample indicated the similar responses (not
shown here). Consequently, gez=−0.51±0.02, g
h
z=−2.10±0.02
FIG. 3. (color online) (a) Polarization-resolved PL spectra of a typ-
ical single InAs/GaAs QR at 0 T under the nonpolarized excita-
tion. The horizontal axis is replotted from the X+ PL peak energy
E0=1.3330 eV. (b) A two-dimensional plot of the charged exciton
emission in the single InAs/GaAs QR under 1 T. The excitation po-
larization was varied systematically from pix to σ+ and σ−. (c) The
change in ∆E depending on the excitation polarization.
are obtained for this single InAs QR.
Previously, the sign of g factors of InGaAs/GaAs QDs was
examined experimentally from the Zeeman splitting of bright
and dark excitons, which is one of clear methods to deter-
mine the sign of g factors although it is necessary to select
the QD with a reduced shape symmetry or tilted quantization
axis. For In0.6Ga0.4As/GaAs QDs, g
e
z=−0.81 and g
h
z=−2.21
were reported [16], and the results were supported by the theo-
retical studies [9]. The sign of g factors in InAs QRs coincides
with the results in In(Ga)As QDs. From both measurements
of Figs. 1 and 3, it is found that the sign of gez in InAlAs QDs
is opposite to the one in InAs QRs while the signs of ghz in the
both systems are the same.
Finally, we confirm the conditions adopted in this work.
From Figs. 1 and 3, it is clear that the DCP of the PL emis-
sion varies following the change of the excitation polarization,
that is the case of a positive DCP. Here, the DCP is defined by
(I+−I−)/(I++I−) with the integrated intensity I+(−) of theσ+(−)
polarized PL spectrum. It means that the optically-excited
electron spin polarization 〈S z〉 was highly preserved right be-
fore the radiative recombination and contributes to form Bn.
If the negative DCP is observed for X+ PL (i.e. the 〈S z〉 is
flipped before the recombination from the ground state), the
signs of gez and g
h
z are reversed respectively. In the case of
X−, the interacting electron spin that form Bn by HFI is the re-
mained electron spin after the radiative recombination. There-
fore, the reversed electron spin is effective for Bn formation in
the positive DCP case. In contrast, when the hole spin in X−
is flipped during the relaxation process to the ground state and
the negative DCP is observed, the same spin as the optically-
5TABLE II. Application of the method to two charge states. The letter
A (R) means that the signs of gez and g
h
z in Table I can be applied
without change (reversely).
charge state of the ground level
DCP X+ X−
positive A R
negative R A
excited electron is effective for Bn formation. We summarize
the application of the proposed method to two charge states in
Table II.
Before summarizing this work, we should denote the limi-
tation of this sign identification method. Our method can be
applied to the PLs of any charge states originated from sin-
gle nanostructures like QDs of commonly used III-V direct-
gap semiconductors as long as NSSW occurs there. This is
because the III-V elements of the well-established compound
semiconductors have non-zero nuclear spins with large natural
abundance. The minimal magnitude of the g factors is ∼0.02
for evaluation in our current system, which depends basically
on the spectral resolution (∼5 µeV).
In summary, we demonstrated a convenient sign identifica-
tion method of electron and hole out-of-plane g factors utiliz-
ing the correlation of NSSW and the sign of Zeeman splitting.
The usefulness of the method was demonstrated for individual
In0.75Al0.25As/Al0.3Ga0.7A QDs and InAs/GaAs QRs, where
the sign of the electron g factor was different. Although we
vary the excitation polarization systematically for the demon-
stration, the magnitude and sign of the out-of-plane g factors
can be deduced by observation of the PL spectra at only three
excitation polarization piy (or pix), σ−, and σ+ under a positive
Bz. Further, this method offers advantages to evaluate the fluc-
tuation of Bn directly by combining the electron Zeeman part
of ∆E and DCP in the case of X+ [34].
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